Abstract
and disease aggregation could be achieved using space-time scan statistics. The remaining sections of this paper are organized in the following manner: the hand-foot-mouth disease data that was obtained from May 2008 to March 2009 in Guangdong Province are provided in section DATA. In section METHODS, we introduce the experimental method that was used in this research, combining the space-time cube with space-time scan statistics. Section RESULTS presents the results of the visual analysis and scan statistics, with a discussion about interesting information concerning HFMD in Guangdong as obtained from these results. Finally, we summarize our work, discuss the advantages and disadvantages of this method, and provide a description of future directions in Section DISCUSSION.
Data
The HFMD dataset that was used in this research was collected at the Chinese Center for Disease Control and Prevention (CDC) from May 1, 2008 , to March 27, 2009 , in Guangdong Province. Located in the southern region of China, Guangdong Province is China's most economically developed region and has the largest population density. In recent years, the incidence of HFMD among children under 5 years of age has increased in Guangdong Province. The total number of HFMD cases in our study was 68,130. In our research, the minimum geographical unit is a prefecture-level city containing a total of 21 cities in Guangdong Province; the time resolution is one day; and the number of days is 331. The demographic characteristics of the prefecture-level cities are summarized in Table 1 . As the incidence of HFMD was primarily detected among children, the calculation of HFMD incidence was based on HFMD cases in children aged 0-9 years as the numerator, and the total population aged 0-9 years was used as the denominator [26] . Population data were collected from the China Statistical Yearbook for Cities [27] , and precipitation data were collected from the China Meteorological Data Sharing Service System.
Methods

Space-Time Cube
Generally, spatiotemporal data include three main components: Space (where), Time (When) and Attribute (What) [28] [29] . Although these components could be represented using a map, time sequence or STC model, their differences are apparent. Both space and attribute information can be represented using a static map, but it is difficult to reflect the change in the attribute across the time dimension. A time series can be used to reflect the trend of an attribute across the time dimension, particularly when the attribute exhibits a specific trend. However, it is difficult to observe the distribution of the data in the space dimension. Compared with the pure map and time series, the STC model has many advantages. The STC model could simultaneously reflect the changes in attribute information in both the time and space dimensions. Therefore, we used the STC model to characterize the changes in the spatiotemporal patterns of HFMD incidence. The coordinate layout that was used in this study was different from the traditional spacetime cube. We used one horizontal axis to represent the month, another horizontal axis to denote the day, and the vertical axis to display the geographical space (Fig 2) . The reason for this coordinate layout was to facilitate the observation of the total HFMD incidence in a given time or space. Along the vertical axis, geographical units could be arranged according to the environmental factors; through this arrangement, the impact between these factors and the incidence of HFMD could be observed. For example, if the geographical units are arranged in accordance with the population density, we could observe whether the population density impacts the incidence of HFMD; if the geographical units are arranged according to the average temperature, then the impact of the average temperature on the incidence of HFMD could be observed.
We observed the incidence of HFMD from the visible faces of the space-time cube (Fig 2) . For example, on the front face where the month dimension is fixed, the entire phenomenon occurring in a particular month could be observed from the plane. Every face is divided into crisscross grids, and the color of each grid represents the incidence of HFMD. We use red to denote high incidence and blue to denote low incidence. The operations of the space-time cube include slice, dice, drill-down, roll-up and pivot [30] .
Space-Time Scan Statistics
Kulldorff proposed the spatial scan statistic model in 1997. In this study, Kulldorff used a series of variable scanning windows to detect likely clusters in space [3] . Subsequently, to evaluate space-time cluster alarms, Kulldorff proposed space-time scan statistics and used brain cancer cases in Los Alamos to confirm this model [4] . The software SaTScan facilitates the application of these methods [32] [33] .
The entire research region G is divided into a series of sub-regions {z i | i = 1, 2, . . ., k}. There are no gaps between these sub-regions, and each sub-region is not overlapped or intersected by other sub-regions. To calculate the relative risk coefficients (p i ) of the disease in all of the subregions, this model assumes null and alternative hypotheses. The null hypothesis is that the relative risk coefficients (p i ) of the disease in all of the sub-regions are identical. The alternative hypothesis is that there is always an aggregation; within the aggregation, the relative risk coefficients (p i ) of the disease are identical; and outside of the aggregation, the relative risk coefficients (q i ) of the disease are also identical, while p i > q i [25] .
In space-time permutation scan statistic model, the scanning windows were defined as thousands or millions of overlapping cylinders, each being a possible candidate for an outbreak [32] . The base of the cylinder denotes the geographical space of the potential outbreak. Generally, we first iterate over a finite number geographical grid points and then gradually increase the radius of circle from zero to some maximum value defined by the user [32] . The height of the cylinder denotes the number of days. If cases obey a certain distribution (e.g., Poisson distribution), then the disease cases and population inside and outside of the cylinder are obtained, together with the expected number of cases and the population at risk. For each cylinder, the likelihood is calculated using these numbers. The cylinder, maximum likelihood, and expected number of cases represent the most likely cluster [3] .
Building the HFMD database
To facilitate the visualization and analysis of the data, the data format should be normalized. In this study, we constructed the HFMD database with three sub-databases. Although the database construction might appear to be application-specific, the properties in disease data are similar. Therefore, these sub-datasets are typically used for other disease studies, and even for other types of data.
The first dataset is prepared for the visualization of the space-time cube and includes 35 fields ( Table 2 ). The field CODE represents the administrative code of the prefecture-level city, which is usually a six-digit number in China. The field NAME shows the name of the prefecture-level city, and the field POPU denotes the population aged 0-9 years in each prefecture-level city. The field MONTH denotes the month when the HFMD data were collected. The remaining fields from DAY1 to DAY31 denote the number of HFMD cases from the first day to the last day of each month. If a month is less than 31 days, then the missing days are assigned a value of -1.
The second dataset is used for space-time scan statistics and is organized using Microsoft Excel spreadsheets. The dataset involves seven fields, among which the fields CODE, NAME and POPU have the same meanings as in the first dataset. The field TIME denotes the day when the HFMD data were collected. In accordance with the SaTScan software, the TIME field Table 2 . Data fields that were prepared for the space-time cube. is presented as "year/month/day". The fields LONGITUDE and LATITUDE denote the longitude and latitude of the city, respectively. The last dataset is an ESRI shapefile that stores the city boundaries in Guangdong Province. The most important fields are SHAPE, CODE and NAME. The fields CODE and NAME have the same meanings as in the first dataset. The field SHAPE denotes the administrative boundaries of the 21 prefecture-level cities in Guangdong Province.
The integration of the three datasets is required to build the HFMD database. First, records will be extracted from the first dataset to generate the space-time cube; then, the space-time clusters will be achieved from the SaTScan files; and finally, the aggregation will be displayed on the map.
Results
Space-Time Cube of the HFMD incidence in Guangdong Province
The space-time cube model visualizes the incidence of HFMD in Guangdong Province. To reflect all of the information for HFMD, the target needs to accurately observe the incidence in each city and on each day. There are a total of twenty-one prefecture-level cities; therefore, the number of lines on the vertical axis is twenty-one. In this study, we arranged the vertical axis according to the administrative code. As shown in Fig 3, the horizontal axis to the right represents the months and includes 11 months, from May 2008 to March 2009; the horizontal axis to the left shows the day of the month. To construct an integration cube, every month was assumed to contain 31 days. If the number of days in some months is less than 31 (for example, June has only 30 days), the missing days are filled with black. The total 21 prefecture-level cities are displayed on the vertical axis. The color from blue to red in each grid cell denotes the incidence from low to high, respectively.
The incidence of HFMD in all of the cities during a given period of time could be represented in the STC model. The left plane of the STC (Fig 3) displays the incidence of HFMD in May 2008. As observed from this plane, most grids are red or yellow, indicating the serious incidence of HFMD in May 2008. After slicing the STC along the direction parallel with the left plane, we obtained another plane. This plane displays the HFMD incidence of another month. From the various colors of the grid cells, we can easily decipher the incidence of HFMD.
We could also display the HFMD incidence in one city using the STC model. For example, the upper plane represents the incidence of HFMD in Guangzhou, which is the capital of Guangdong. From this plane, it is easy to observe that there are more blue grids than red grids, indicating that Guangzhou had a mild incidence of HFMD from May 2008 to March 2009.
The STC provides all of the information about the HFMD incidence, and users can obtain the information concerning HFMD for a given period of time or sub-region through the "slice" and "dice" operations. The "slice" operation also facilitates the exploration of the relationship between the incidence of the HFMD and the geographic space or time.
Patterns of the HFMD incidence by time. The relationships between the incidence of HFMD and months could be observed using the STC model. This method compares two different planes, which are sliced along the month axis. In this section, we selected two months, May and October, in 2008. we know that only four cities have red cells before May 5, while others have blue or green, and the HFMD incidence is not serious at this stage. However, the number of red cells increases after May 5. Another 5 cities become red on May 5, and these cities remain red through the next week, indicating that the HFMD incidence is serious across the Guangdong Province. From May 5, most cities become yellow or green, except for Zhuhai, which is a southern city in Guangdong. Throughout May, Zhuhai has the most serious HFMD incidence, as all 25 cells are red. There are no red cells in Jieyang, Shanwei or Shantou. The HFMD incidence was not serious in these cities, which are all located in the southeast of Guangdong. Most of the cities that have red cells, such as Guangzhou and Shenzhen, are located in the south of Guangdong. All of these cities have a strong economy, and the population mobility is relatively high.
As shown in Fig 4B, most of the cells in October 2008 were green, except for Shantou. The HFMD incidence in Shantou remained high for the entire month. There were no blue cells in Shantou, and most of the cells in the last two weeks were red. Fig 4C depicts the difference in incidence between May and October 2008. From the subfigure, we could easily observe that the incidence in May was heavier than in October of 2008. Some other months were also extracted from the STC model (not shown).
Previous studies found that HFMD will massively break out in late spring and early summer [34] . Meteorological factors, including temperature, relative humidity, and rainfall, have a strong influence on the spread of the disease [16, 26, 34] .Because of the rise of the temperature Visualized Exploratory Spatiotemporal Analysis of HFMD and the increase of precipitation in late spring, the HFMD will spread very quickly. Most previous researches disclosed the discrepancy of the HFMD incidence among seasons through digital data. However, in this study, Fig 4A and 4B clearly displayed the difference between May and October by means of the color of the graphical visualization.
Patterns of HFMD incidence by geography. The relationships between the incidence of HFMD and geography can be observed using the STC model. When slicing the STC along the vertical axis, we can visualize the HFMD incidence during eleven months in one city. Fig 5C displays the difference between the two cities, showing that the HFMD incidence was more serious in Guangzhou than that in Zhanjiang.
Previous studies found that socio-economic factors have a strong influence on the spread of HFMD incidence [16] . Among the socio-economic factors, the population density, population mobility and industrial structure have a serious impact [34] . In this study, the HFMD incidence was more serious in Guangzhou than that in Zhanjiang by means of graphical visualization. Some possible explanations are as follows: (1) Guangzhou is the capital of Guangdong province, while Zhanjiang is a relatively remote city. The population density and mobility in Guangzhou is more than that in Zhanjiang. This provides the population conditions for the spread of HFMD. (2) The tertiary industry occupied a larger proportion in Guangzhou, while the first industry was largest in Zhanjiang. Through the STC model, we found the HFMD incidence concentrated in the Pearl River Delta region, including Guangzhou, Shenzhen, Foshan and Dongguan. The tertiary industry was activity in these regions, and this provided a favorable condition for the spread of HFMD.
Patterns of HFMD incidence by environmental factors. The STC model not only compares discrepancies in time and space but also observes the determinants of the incidence of HFMD. When the order of the vertical axis is arranged in accordance with the order of a determinant, the STC model can be used to observe the influence of the factor on the incidence of HFMD. We have conducted many experiments, including socio-economic and meteorological studies, and observed some phenomena between these factors and the incidence of HFMD. The order of the vertical axis in Fig 6A is arranged according to the size of the population density. As this picture shows, when the population density is relatively small, the outbreak of HFMD (the red units) occurs relatively late, and when the population density gradually increases, the outbreak of HFMD occurs earlier. This phenomenon might reflect a pattern between population density and the incidence of HFMD.
The order of the vertical axis in Fig 6B is arranged according to the amount of precipitation. As this picture shows, the incidence of HFMD is not serious in the three cities where the monthly precipitation is the least. When the precipitation increases, the number of red cells increases, particularly when the precipitation is within a certain range. This phenomenon might indicate that precipitation is related to the incidence of HFMD.
In this research, the association between the HFMD incidence with season, geography and rainfall was discovered through graphical visualization. Because the STC model does not assume that the disease data should obey some statistical distribution, avoiding the error that is caused by an a priori assumption. A further analysis could be conducted by means of the result of the STC model. 
incidence in Guangdong Province
In the present study, we used a circle as the scanning window for the geographic space. The population of a cylinder is less than 10% of the total population, and the disease case model is a discrete Poisson model. The scanning results are shown in Table 3 :
To effectively visualize the results of the space-time scan statistics, we used colorful cylinders to display these aggregations (Fig 7) . In Fig 7, the deep red cylinders denote the first three high aggregations, and the yellow cylinders represent the fourth and fifth high aggregations. The cylinders are located in clusters, where the circle of the base of the cylinder is proportional to the largest likely ratio (LLR), the height of the cylinder denotes the time period of the clusters, and the base of the cylinder denotes the geographical space of the HFMD outbreak.
As shown in the Fig 7, the most likely cluster is Shenzhen, and the cluster time is from May 3 to May 16, 2008 . The largest likelihood ratio is 10517.9, and the p-value equals 1e-17, indicating that the result is highly significant. The second and third most likely clusters are Foshan and Dongguan, respectively, both with high significance. These three aggregations are located in the middle of Guangdong Province, representing the most economically developed areas of Visualized Exploratory Spatiotemporal Analysis of HFMD Guangdong. The population density and mobility are high. These factors might reflect the high degree of aggregation of the incidence of Hand-foot-mouth disease.
Regarding time, all of the clusters occurred in May 2008, lasting for half of the month, while some periods lasted until July (e.g., Shaoguan), when the temperature gradually increased and an increased amount of precipitation was observed.
Discussion
This article applied a method combining the spatiotemporal cube with space-time scan statistics to explore the incidence of HFMD from May 2008 to March 2009 in Guangdong Province. Through the STC model and STSS model, we found that high HFMD incidences were located in the most economically developed areas of Guangdong, and serious HFMD incidence were focused in May 2008, especially in the first half of the month.
Using the STC, the HFMD incidence across the regions and different times was easily observed. The differences between the geography and seasons were also easily explored through the STC. The STC reflects more detailed information, and these details are difficult to observe through digital data. The space-time scan statistics accurately calculated the maximum likely cluster and tested the cluster significance through a Monte Carlo simulation. This article used the STSS model to detect HFMD in Guangdong Province and found that the maximum possible aggregations were located in Shenzhen, Foshan and Dongguan. These areas are located in the southern coastal area of Guangdong Province and have the most developed economies, with large population densities.
Previous studies have shown that population density have a strong influence on the spread of HFMD [22, 23, 26, 34, 35] . Cao et al. found that urban areas have a higher incidence of HFMD than rural areas, and cities with a higher population density and stronger population mobility suffer more from HFMD [36] . Huang et al. found that tertiary industry had a greater impact on HFMD than first industry. This research further confirmed that serious HFMD incidence was located in the most economically developed areas of Guangdong [34] . To prevent a large-scale outbreak of hand, foot and mouth disease, it is necessary to monitor the HFMD incidence in these regions.
We found that high HFMD incidences were focused in May 2008, especially in the first half of the month. Previous studies have shown a clear seasonal pattern for HFMD outbreaks, with a peak in late spring and early summer [16, 21, 37] . Compared with the previous results, on the one hand, we confirmed the seasonal pattern of HFMD incidence through the visualization analysis; on the other hand, it is easy to detect HFMD incidence across all cities at the same time through the STC analysis model. Our study also showed that precipitation has a certain effect on the incidence of HFMD. Hii et al. found that precipitation has a 1-2-week lag effect on the incidence of HFMD [38] . Wang et al. used the S-BME spatial-temporal model and found that there is a strong relationship between the incidence of HFMD and monthly rainfall [16] . Compared with the previous research, we described the relationship between HFMD incidence with rainfall through visualization, and this result was easy to understand.
Both the STC and STSS reflect the spatiotemporal clusters of this epidemic, but there are some differences between them. Because the STC only provides relatively rough clusters, which rely on the colors of the plane or grids, and because the STSS uses the maximum likelihood ratio statistical technique, precise aggregations can be calculated. Generally, it is better to obtain information for precise aggregations; however, information from other regions is ignored in this process.
The STC has some distinguishing features. First, the STC displays comprehensive information concerning the epidemic. The STC is a three-dimensional visual tool, through which the information for any location or time can easily be displayed. In addition, the STC provides many functions that have been previously illustrated. These functions can solve many spatiotemporal problems, such as the relationship of the epidemic incidence between two months. Thus, the STC is not only a visualization tool but also a powerful analytical tool. Moreover, the STC does not assume that the disease data should obey some statistical distribution, thereby avoiding the error that is caused by an a priori assumption.
The STSS also has distinguishing features. The most important feature of STSS is accuracy, as this method uses the maximum likelihood ratio statistical method. Because the maximum likelihood ratio reflects the information both inside and outside of the clusters, the probability of the occurrence of the disease can objectively be explained. Due to the distinctive features of these two models, it is necessary to analyze the disease data in stages. First, we constructed a database of disease data, and an STC model was constructed to observe the overview of the disease distribution. Subsequently, the STSS model was used to precisely calculate aggregations.
There are some shortcomings of STC, among which color grading is the biggest deficiency. Different colors greatly influence the visual effects. Different colors are assigned to some data, which only display small differences. Even using color, it is difficult to visualize the actual differences between these data. Classifying the data to obtain a better visual effect is the next step in developing future applications with this technology. Another area of concern is the arrangement on the vertical axis. The regions in geographic area have spatial autocorrelation; when they are projected on the vertical axis, these attributes are lost. Thus, the arrangement of these geographic units is also an important study target.
Conclusion
This article applied a method combining the spatiotemporal cube with space-time scan statistics to explore the incidence of HFMD from May 2008 to March 2009 in Guangdong Province. Through the STC model, we observed that high HFMD incidences were focused in May 2008. Most of the cities that had serious HFMD incidence are located in the south of Guangdong. All of these cities have strong economies. We also found that the HFMD incidence varied among different months and cities. Using the STSS model, we found that the most likely cluster was Shenzhen, and the second and third most likely clusters were Foshan and Dongguan, respectively. All of these three cities are the most economically developed areas of Guangdong.
Supporting Information S1 Dataset. All data used in tables and figures for this study.
(XLSX)
